We provide detailed quantitative characterization of sulfonic bisazodye SD1 as a photoalignment material for photonics applications. The reversibility of photoalignment was tested for transformations between planar and 90°twist orientation states in a liquid crystal (LC) cell using polarized UV light. No degradation was observed for 100 cycles of transformations. A given twist angle of the LC orientation was obtained in a single step, as well as in a sequence of gradually increasing angles. A hysteresis is revealed in the latter case for planar-twist-planar cycles. The material was used for obtaining patterned orientation of a LC polymer providing similarly good quality photoalignment for UV as well as visible light. High efficiency large area and high spatial frequency optical axis gratings (or, polarization gratings) were demonstrated on a polycarbonate substrate. We show the opportunity of obtaining photoalignment in a multilayer system with single exposure to a polarized light. Finally, we provide evidence of a positive feedback in the dynamics of photoalignment due to the orientational effect of an increasing number of aligned molecules.
Introduction
Photoalignment techniques developed with the goal of modernizing the production technology of liquid crystal (LC) displays have opened up new opportunities for a wide range of photonics applications [1] [2] [3] . The feasibility of fabricating material layers with spatially distributed variation of optical axis orientation have led to the demonstration of optical components such as azimuthal and radial wave plates and polarizers, patterned wave plates and polarizers, polarization converters, and optical axis gratings (OAGs) (polarization gratings) [4] [5] [6] [7] [8] [9] [10] [11] .
These components proved to be highly valuable in imaging, microscopy, nanophotonics, micromanipulations involving laser beams, formation of laser beam profile, security labeling, etc. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] .
Still, neither the possibilities nor the spectrum of applications of such components have been fully explored. One of the problems hindering development of new components and applications is that photoalignment materials are practically unavailable commercially. A class of such materials for research can be obtained from Rolic Technologies Ltd. However, those products are constantly modified, and the materials you may have spent many hours studying turn sometimes unavailable later. There are a number of laboratories that synthesize different classes of photoalignement materials 0003-6935/10/101720-08$15.00/0 © 2010 Optical Society of America [1] [2] [3] [4] 22] ; however, they are in the research stage or not available commercially. Thus, it is very important to study the properties and capabilities of various photoalignment materials.
In the present work, we study one of the most promising materials for photonics applications. Compared to cinnamate-based photopolymerizable polymers (LPPs), the material known as SD1 [1, 23, 24] has a number of distinct advantages. 1) Photoalignment with SD1 requires significantly lower exposure energy.
2) The spectral sensitivity of SD1 peaks at 372 nm, extending to over 450 nm, as opposed to the 320-330 nm peak sensitivity wavelength of cinnamate-based LPPs. Thus, SD1 could be efficiently used for photoaligning using longer wavelength UV and even visible light sources.
3) It allows erasure of previously recorded alignment pattern and rerecording, making it easier to obtain a variety of compositions of alignment patterns. Thus, the azo dye SD1 acts as a photoaddressable command layer for LCs or LC polymer (LCP) overlays. Note that photoalignment with SD1 takes place in the direction perpendicular to the polarization direction of the light. 4) SD1 is characterized by azimuthal anchoring energy of >10 −4 J=m 2 , which is comparable to that of rubbed polyimide and is higher than that for other photoalignment materials. This makes it an ideal candidate for producing OAGs. 5) SD1 produces very thin uniform layers of 3 to 12 nm thickness, as opposed to ∼50 nm for cinnamate-based LPPs. Because of layer thinness, coloring and optical retardation introduced by a single SD1 layer are small. Note also that SD1 is insoluble in LCs and LCPs [25] .
Photoalignment Process for Multiple SD1 Layers
The chemical formula of the bisazodye SD1 is shown in Fig. 1 . 1 wt: % solution of SD1 in N, N-dimethylformamide (DMF) is spin coated on a glass substrate at 3000 rpm for 60 s. The substrate is dried on a hot plate at 100°C for 30 min before exposure to a linearly polarized UV light. We used a pair of optical filters, a WG295 UVC cut-off filter and a UG11 UV bandpass filter from Schott, to select a λ ¼ 365 nm illumination wavelength from a UV source. A high transmission calcite Glan polarizer was used to obtain the desired direction of linear polarization. The UV exposure time was 5 min at 10 mW=cm 2 intensity. For spectral measurements, ten layers of the material were spin coated at 1000 rpm, each of them dried at 100°C for 10 min. The resultant absorption spectrum taken for the spectrometer light parallel and perpendicular to the optical axis of the film is shown in Fig. 2 . The photoalignment was performed only once, after depositing all ten layers. No birefringence is exhibited between crossed polarizers. The evaluated effective layer thickness is ∼32 nm for five layers. To verify the homogeneity of the obtained multilayer system, we compared five spectra taken at a 4 mm distance from each other. The standard deviation of transmission variation at the absorption peak was found to be 0.6, which was only ∼1% over 20 mm range. The spectral sensitivity of SD1 extends to over 450 nm, allowing realization of photoalignment not only with UV, but with radiation of visible wavelengths, as well. To compare these two opportunities, we produced LCP layers with patterned alignment with UV as well as visible light; see Fig. 3 . The glass substrate was spin coated by SD1 solution and illuminated with linearly polarized UV light for 3 min. Then the polarization of the UV light was rotated by 45°and the substrate was illuminated a second time through a mask of a rectangular pattern for 5 min. Finally, the substrate was spin coated by LCP ROF 5102 (Rolic Ltd.) at 1000 rpm for 60 s and polymerized with unpolarized UV light at nitrogen atmosphere for 10 min. The resulting film, when placed between crossed polarizers, reveals areas of the two states of orientation (Fig. 3) . Thus, the second UV exposure realigns the molecules of the SD1 at 45°w ith respect to the first exposure.
The patterned alignment structure shown in Fig. 3(a) is not uniform. Homogeneous orientation is achieved with longer exposure energy [Fig. 3(b) ]. In this case, the entire area of the substrate with SD1 coating was exposed to UV light for 5 min, and then the central part was illuminated through a mask with a circular opening for 7 min. (1) and after photoalignment obtained with a light polarized parallel to the photoalignment direction (2) and perpendicular to it (3).
The tests with radiation of visible wavelengths were performed using a cut-off filter to block shorter wavelengths of the light source used in this study, and the substrate containing the photoalignment layer was exposed to light with wavelengths longer than 440 nm. The intensity of the visible portion of the light was ∼10 mW=cm 2 and it was linearly polarized. Large area homogenous birefringent films could be obtained for exposure times of less than 2 min (Fig. 3) . Extending the exposure duration resulted in deterioration of the film quality. Thus, the quality of the patterning is comparable for photoalignment with UV as well as visible wavelengths, requiring considerably smaller exposure time in the latter case. Note that patterned photoalignment of an LCP layer was demonstrated earlier for SD1; however, it was performed with UV light only and the result was not directly compared with photoalignment performed by visible radiation [25] .
Fabrication of Optical Axis Gratings
We tested SD1 as a photoaligning layer for fabricating LCP OAGs based on LCP ROF 5102 (Rolic Ltd.). As we mentioned in Section 1, SD1 is characterized by azimuthal anchoring energy of >10 −4 J=m 2 , comparable to that of rubbed polyimide and higher than that for other photoalignment materials, which makes it best suited for producing OAGs with high spatial frequency.
The wavelength of the He-Cd laser used in these tests, 325 nm, was considerably far from the peak absorption wavelength of SD1 (372 nm). Hence, longer exposure times were required for producing scatterfree polymer polarization gratings compared to what could be expected for radiation of 372 nm wavelength. The first tests with an illumination time of a few minutes resulted in low-quality polarization gratings. Scatter-free LCP gratings of 6 μm spacing with practically 100% efficiency were obtained with exposure times over 10 min with 9:5 mW=cm 2 power density of orthogonal circularly polarized beams [Figs. 4(a) and 4(b) ].
In the second series of experiments, the entire area of the glass substrate with an SD1 coating was first illuminated by a linearly polarized single beam for 3 min. Next, the substrate was illuminated for 10 min with interfering orthogonal circularly polarized beams. Finally, the substrate was spin coated with LCP ROF 5102 at 1000 rpm for 60 s and polymerized under a nitrogen atmosphere. This procedure resulted in the formation of a good-quality cycloidal grating over a large area of the substrate [Figs. 4(c) and 4(d) ]. Almost no difference can be seen in the spectra of the grating fabricated by single and double exposure (Fig. 5) . The photo of a highefficiency OAG produced on a polycarbonate substrate is shown in the insert of Fig. 5 . Note that fabrication of a LC OAG using SD1 was attempted earlier [26] . The LC layer was too thick in that case, violating the stability condition for a cycloidal orientation pattern. Hence, it behaved like a low-efficiency conventional phase grating. Note also that the capability of SD1 to act as a photoalignment material on a plastic substrate was demonstrated earlier, but on an unspecified substrate [27] .
Characterization of Reversibility of Photoalignment Process
The reversibility of photoalignment with the aid of SD1 was suggested for developing rewritable displays [1, 27, 28] . We characterize below the key features of reversibility with the aid of LC cells similar to the ones used for demonstrations in [27, 28] .
One of the substrates in LC cells fabricated in this study impose strong and permanent planar anchoring. It was obtained with photoalignment material LPP ROP-108 (Rolic Ltd.). This material was spin coated on a glass substrate at 3000 rpm for 60 s. The substrate was dried on a hot plate for 10 min at 100°C to remove any residual solvent.
The second substrate of the cell was made using an SD1 layer as described in Section 2. The exposure times were 5 and 12 min for the substrate with the SD1 layer and the LPP ROP-108 layer, respectively. The cell was assembled using 10 μm thick Teflon spacers between glass substrates, and was filled with LC 6CHBT [29] by capillary action. The material LPP ROP-108 orients the LC parallel to, while SD1 induces orientation perpendicular to, the polarization direction of the UV illumination. This circumstance needs to be taken into account when assembling the cell in order to get the desired initial (for example, planar) orientation of the LC.
The schematic of the LC cell and the setup for characterization of the photoalignment process are shown in Fig. 6 . A probe He-Ne laser beam with 10 mW power was expanded by a system of lenses of L1 ¼ 10 mm and L2 ¼ 500 mm focal length. The central part of the expanded beam was selected by a diaphragm with an 8 mm aperture. The cell was placed between crossed polarizers at a 5°angle with respect to the propagation direction of the beam. The substrate with the surface command layer (SD1) faced the UV illumination at an incident angle normal to the cell. The angle between the direction of linear polarization of the UV light and the direction of the fixed alignment on the first surface was varied by a Glan polarizer.
The dynamics of the probe beam power propagated through the polarizer-LC-cell-analyzer system was measured during the illumination of the LC cell by the UV beam. A 90°twist-aligned LC cell was used in the first test. The initial transmission state of the cell was, therefore, maximal between crossed polarizers. Illumination of the SD1 layer with UV light polarized parallel to its initial alignment resulted in transformation of the LC orientation from twist to homogeneous planar, leading to decreasing transmission (Fig. 7) . Changing the polarization direction of the UV light by 90°restores twist orientation of the LC, switching the transmission of the cell back to the initial high state (Fig. 7) . Note that the twist angle of the LC director was rotated between 12°and 62°in an earlier study, and it was induced with a visible light of 440 nm wavelength [1] . The transmission of the optical system under study can be set at different levels by changing the linear polarization direction of the UV light [ Fig. 8(a) ]. In the tests, starting from the initial planar orientation, the LC cell was brought to different twist orientations using 15°increments. The cell was brought back into its initial planar orientation before a new switching cycle [ Fig. 8(b) ]. More than 100 reorientation cycles were completed without any sign of cell degradation. Figure 9 shows the dynamics of the output power of the probe beam for different thicknesses of LC cells due to transformation between planar and twist states induced by linearly polarized UV light of 15 mW=cm 2 intensity and a 5 min duration. In the next series of tests, the LC cell was brought from an initial planar state to 90°twist state gradually, in 15°increments, without intermediate restoration of the planar state [ Fig. 10(a) ]. The LC orientation was brought back into the planar state in the same manner after achieving the 90°twist state [ Fig. 10(b) ]. This process exhibits hysteresis, as shown in Fig. 11 .
The maximal width of the hysteresis loop is about 20%. The origin of the hysteresis could be explained by the fact that each subsequent transmission state was achieved from the previous state and hence acquired a higher UV radiation dosage. For instance, the 90°twist state was achieved from the previous 75°twist state, which already was affected four times with the 15 mW=cm 2 intensity and 5 min duration of the UV illumination.
Discussion
These results prove the conclusion that the photoalignment material SD1 is highly suitable for producing a large variety of photonics components [30] , including the most complex and demanding ones, such as OAGs, with very high spatial resolution. It was important to verify that the orientation obtained with this material is fully reversible and can be cycled numerous times (up to 100 times tested in this paper) with no signs of degradation. Also, and most importantly, high-quality oriented films could be obtained within irradiation times of less than 3 min, as opposed to Rolic's photoalignment materials, which required over 10 min.
The obtained results shed light on fundamental aspects of photoalignment process in azodye material systems. Namely, the normalized transmission T N we have plotted for different conditions is related to the angle α made by the direction enforced by the photoalignment layer (the direction of easy axis orientation) with respect to the polarizer axis as T N ¼ sinð2αÞ. Since the orientational relaxation time of the LC in relatively thin cells is shorter than the observed photoalignment times, we can assume that the orientation of the LC follows the change in the direction of alignment enforced by the photoalignment layer. The time dependence of the angle α calculated from the transmission formula thus carries Fig. 7 . Controlling the transmission state of an LC cell containing SD1 surface command layer: 1 transformation from a twist to homogeneous planar orientation with UV light polarized in a direction parallel to the initial alignment direction of the SD1; 2 transformation from a planar to twist orientation with UV light polarized in a direction perpendicular to the original alignment direction of the SD1. information on the dynamics of processes in the photoalignment layer that is otherwise hard, if possible at all, to detect, given its thinness. Figure 12 shows the angle α calculated from the transmission curve for a 90°rotation of the optical axis of a 10 μm thick LC. It is interesting to note that the speed of reorientation increases at the last stages of the process, indicating a positive feedback. Such a feedback can be a result of the effect of boundary conditions on photoalignment of azobenzene molecules. As discussed in [31] , the process of trans-cis-trans photoisomerization cycles in the presence of an easy axis is affected by the orienting effect of the alignment layer. At the initial stages of the process, the aligning effect of the easy axis on the azo dye molecules is strong, preventing them from aligning into the direction perpendicular to the light polarization. With an increasing number of azo dye molecules oriented perpendicular to the light polarization, the direction of the easy axis is switched, thus increasing the efficiency of orientation of azo dye molecules in the direction perpendicular to the light polarization. It could be interesting in the future to study the photoalignment dynamics in more detail to find 
